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,"+$()"1&#)+"/(&")&+"(%'5&"(%&,$+3'+5&"&5$"#-+$5$()&'9$+&$##-0#)+"/(#6&)*$(&,+'0"0/1/)2&'3&

'0#$+9/(8&$4".)12&%#9"+/"()&#-0#)+"/(#&/#D&

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"%$!

!

E*$+$&)*$&/(%/.")'+&3-(.)/'(& %#&F&/#&>&/3&B=F6&"(%&F&')*$+7/#$:&

!

!"#"$#%&'(&)(*"#"+&,"'"&-.(/0+"'#01(.#+0%'.(
A*$&#$(#/)/9/)2&'3&"&5$"#-+$5$()&<)*$&,+'0"0/1/)2&'3&%$)$.)/(8&9"+/")/'(&/(&"&,"+$()"1&#)+"/(&)*")&/#&

".)-"112&*$)$+'8$($'-#?&%$,$(%#&'(&)*$&(-50$+&'3&#-0#)+"/(#&)*")&"+$&#"5,1$%&<$'#"#&7$11&"#&

)*$&,+','+)/'(&'3&9"+/"()&#-0#)+"/(#&<!?:&E$&#"2&)*")&"&*$)$+'8$($'-#&#)+"/(&/#&G%$)$.)$%H&/3&")&

1$"#)&'($&#-0#)+"/(&/#&"&9"+/"()6&/:$:&% >:&A*$&,+'0"0/1/)2&'3&%$)$.)/(8&")&1$"#)&'($&9"+/"()&

#-0#)+"/(&8/9$(&"&*$)$+'8$($'-#&,"+$()"1&#)+"/(&</:$:&.=>?&."(&0$&%$+/9$%&3+'5&$I-")/'(&<J?:&A*$&

%$)$.)/'(&,+'0"0/1/)2&"#&"&3-(.)/'(&'3&$#/#&#*'7(&/(&2%,3(456:&
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

7.#%80#%&'(&)(8&9"1(/0+08"#"+.(
E$&$#)/5")$&)*$&,+','+)/'(&'3&*$)$+'8$($'-#&#)+"/(#&<(?&"#&7$11&"#&)*$&,+','+)/'(&'3&

*$)$+'8$($'-#&#-0#)+"/(#&<!'#/(&"&*$)$+'8$($'-#&#)+"/(&02&5"4/5/K/(8&)*$&1/B$1/*''%&'3&)*$&%")"&

8/9$(&)*$&!#"(%&("#A*$&%")"&.'(#/#)#&'3&"&#$)&'3&)#$4,$+/5$()#:&

L'+&$".*&$4,$+/5$()6&7$&+$.'+%&)*$&(-50$+&'3&#-0#)+"/(#&)*")&"+$&)$#)$%&<&$*#'#"(%&)*$&(-50$+&

<&%*#?&'3&#-0#)+"/(#&)*")&*"9$&#.'+$#&)*")&%$9/")$&3+'5&)*$&5'#)&3+$I-$()&#.'+$:&A'&$#)/5")$&!#"(%&

(#7$&5"4/5/K$&)*$&1'8&1/B$1/*''%&

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"&$!
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Using the data from 250 randomly selected samples yields q= 56% and p=22%. The maximum 

likelihood estimate is performed by the R script ml.R using data in the file data.txt. 

 
 
Graph. Detection probability as a function of observed substrains. Different curves are 

labeled by the amount of true variability (p) of a parental strain. The vertical dotted line 

corresponds to a measurement with 6 substrains. The red curve corresponds to p=0.22 

(estimated from our experiment with 250 randomly selected parental strains). In this case we 

see that the detection probability is roughly 78%. To achieve 95% detection probability of 
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detecting that a parental strain is heterogeneous or not, would require measurements of roughly 

15 substrains. The figure is generated by the R script 

�“detection.R�”. 
 

 

3. Calculations for significance of finding similar phenotypes caused by 
secondary mutations in independently constructed YKOs. 

Heat-ramp sensitivity assay.  
Based on data for 250 randomly selected YKOs from Figure 2, there are 116 YKOs with heat-

sensitive phenotypes (having at least one heat-sensitive substrain, with or without substrain 

variation) while the remaining 134 YKOs do not have this type of phenotype (Table S1). Among 

the 116 YKOs, 73.7 (116×63.5%, 63.5% is extracted from Figure 4C) have this heat-sensitive 

phenotype due to a secondary mutation. For a randomly selected knockout strain with an 

engineered gene KO that does not cause a heat-sensitive phenotype, there will be two 

possibilities. (1) There is no secondary mutation (no heat-sensitive phenotype), or (2) there is a 

secondary mutation causing a heat-sensitive phenotype; the occurrence of these two 

possibilities is 134:73.7, respectively. On this basis, when 36 YKOs (from Figure 5B) in which 

the gene KO itself does not cause the heat-sensitive phenotype are tested, the expected 

proportion for having no secondary mutation or having a secondary mutation causing heat-

sensitive phenotype shall be 23.2:12.8. However, the observed proportion is 13:23 (23 from 

Figure 5B).  

 No HRS phenotype  HRS due to 2nd mutations 

Observed/ inferred from 250 random YKOs 134 73.7 

Expected if 36 random YKOs are tested 23.2 12.8 

Observed when 36 YKOs tested 13 23 

 

An exact binomial test (2-sided) rejects the null hypothesis that the observed proportion (13:23) 

from the 36 YKOs tested happens by chance with a significance p-value = 0.0006925.  So it is 

highly significant that the independently constructed YKOs deleted of the same genes tend to 

evolve similar secondary mutations that are responsible for the heat-sensitive phenotype. 

 

Low amino acid overgrowth phenotype 
Based on the whole library screen, there are 749 YKOs (among a total 4,847 BY MATa YKOs) 

that have an overgrowth phenotype on low amino acid (LAA) medium (Table S4) while the 
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remaining 4,096 YKOs do not have this phenotype. Among these 749 YKOs, 476.9 (749×63.5%) 

may have this phenotype due to the secondary mutations. Similarly as above:  

 

 No LAAO phenotype LAAO due to 2nd mutation 

Observed/ inferred from total 4847 YKOs 4096 476.9 

Expected if 23 random YKOs are tested 20.6 2.4 

Observed when 23 YKOs tested 7 16 

 

An exact binomial test (2-sided) rejects the null hypothesis that the observed proportion (7:16, 

from Figure 5B) from the 23 YKOs tested happens by chance with a significant p-value = 

2.351e-11. So it is highly significant that the independently constructed YKOs deleted of the 

same genes tend to evolve similar secondary mutations that are responsible for the low amino 

acid overgrowth phenotype. 

 

Combined heat-ramp sensitive and low amino acid overgrowth phenotypes 
Based on the whole library screen, there are 399 YKOs (among total 4,847 BY MATa YKOs) 

having at least one substrain showing both the heat-ramp sensitive and low amino acid 

overgrowth phenotype, while the remaining 4,448 YKOs do not have such combined 

phenotypes. Among these 399 YKOs, 253.4 (399×63.5%) may have this phenotype due to 

secondary mutations. Similarly as above: 

 No HRS/LAAO HRS/LAAO due to 2nd mutation 

Observed/ inferred from total 4847 YKOs 4448 253.4 

Expected if 19 random YKOs are tested 18.0 1.0 

Observed when 19 YKOs tested 6 13 

 

An exact binomial test (2-sided) rejects the null hypothesis that the observed proportion (6:13) 

from the 19 YKOs tested happens by chance with a significant p-value = 4.778e-13.  So it is 

highly significant that the independently constructed YKOs deleted of the same genes tend to 

evolve similar secondary mutations that are responsible for the combined heat-ramp sensitive 

and amino acid growth phenotype. 

 

4. Selection of strains used in this study.  
The 250 original YKO strains in Figure 2 were selected using a random number generator. 
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The 749 original YKO strains in Figure 3 were identified in a genome-wide screen for low 

amino acid overgrowth, testing pinned original strains (see Experimental Procedures).   

The rationale for testing different numbers of substrains derived from the 749 in Figure 3C 

are as follows: YKOs the strongest (3-tested) and moderate overgrowth phenotypes (6-tested) 

in the genome-wide screen, and the 120 YKOs with 9-tested include 111 YKOs with 6 additional 

colonies analyzed after it was found that the first 3 tested substrains lacked overgrowth 

phenotypes, and 9 additional YKOs from the 749 selected for a separate study. These groups 

do not overlap and were grouped without regard to substrain variation. 

       The 69 YKO strains in Figures 4 and 5 were selected arbitrarily by compiling strains with 

tetrads produced from all other past/present projects in the Hardwick laboratory. We determined 

subsequently that among these 69 original MATa YKOs, 49% have variant substrains (similar to 

the randomly selected strains, see Figure 2), and that these strains are distributed across the 

genome. From confidential records, it was determined that the relevant 40 YKOs with secondary 

mutations (Figures 4 and 5) were constructed by 15 of the 16 participating laboratories, and 

that the most relevant subset of 26 YKO strains were constructed by 11 different laboratories 

from 6 different countries, as if they had been randomly selected from the entire collection. 

Although >1,000 of the ~5,000 YKOs in the BY MATa collection have heat ramp-resistant 

phenotypes (Teng et al. 2011), convenient for this study most all of these strains have 

secondary mutations that decrease (not increase) cell survival following stress, helping to dispel 

any concerns that these strains have selected general survival mutations.  

 

5. Direct whole genome sequencing  
Starting with 1-2 mg of gDNA, samples were sheared by sonication on the Covaris S2 System 

to a fragment size of approximately 165 bp with the following conditions: Duty Cycle 10%, 

Intensity 5%, Cycles/Burst 200, Time 60 seconds and Number of cycles 6. Libraries were 

constructed according to the protocol provided in the NEBNext DNA Sample Prep Master Mix 

Set 3 using the SOLiD Fragment Library Barcoding Kit Module 1-16 utilizing barcodes 1-8. 

Assessment of the yield and size distribution of the amplified library was performed on the 

Agilent 2100 Bioanalyzer using the High Sensitivity Chip.  Size selection and excess adaptor 

and primer/dimer removal of the samples were carried out by running them on a 1% TAE 

agarose gel. Libraries were excised between 200-300 bp size range and gel purified using the 

Invitrogen Purelink Gel Extraction Kit. Samples were once again run on the Agilent 2100 

Bioanalyzer with the High Sensitivity Chip to assess the yield and size distribution of the gel 

purified library. Quantification of the libraries was performed by qPCR using the TaqMan Gene 

Expression Assay as outlined in the Applied Biosystems SOLiD Library Preparation Guide. 
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Libraries were pooled to a final concentration of 500 pM and emulsion PCR performed to 

generate 708 million beads to deposit on a Full Slide.  Sequencing was performed on the SOLiD 

4 System using a single read, 50 bp fragment run. 

 

References: 

Michaelis, S. and Herskowitz, I. (1988). The a-factor pheromone of Saccharomyces cerevisiae 

is essential for mating. Mol. Cell. Biol. 8:1309-1318. 

Cerveny, K.L. and Jensen, R.E. (2003). The WD-repeats of Net2p interact with Dnm1p and 

Fis1p to regulate division of mitochondria. Mol Biol Cell. 14: 4126-4139. 


